We present a new idea for diffuse source spectroscopy using a Fourier-transform volume holographic spectrometer formed by a Fourier-transform lens, a volume hologram, and a CCD. We show that this spectrometer can operate well under spatially incoherent light illumination. Furthermore, this spectrometer is less bulky, less sensitive to input alignment, and potentially more appropriate for implementation of highly sensitive spectrometers than conventional spectrometers. © 2005 Optical Society of America OCIS codes: 090.7330, 300.6300.
Compact and efficient spectrometers are essential for biological and environmental sensing applications in which the optical signals of interest are usually weak and portability is highly desired. Because of their wavelength selectivity, gratings have been used in conventional spectrometers. Multiple wavelength channels of a spatially coherent input source can be easily separated by a grating. For a spatially incoherent source, adding a narrow slit and lens (to form a collimated beam) in front of the grating is required for avoiding ambiguity between the incident wavelength and the incident angle. 1 Since most of the input power is blocked by the slit and additional space is needed to add the lens, conventional spectrometers are inefficient and bulky. To improve the efficiency of the spectrometer, the idea of multimodal multiplex spectroscopy using three-dimensional inhomogeneous photonic crystal structures as spectral diversity filters has been proposed and demonstrated. 1 The key aspect of multimodal multiplex spectroscopy is to allow multiple wavelength channels (i.e., multiplex) and multiple incident angles (i.e., multimode) to pass through the spectrometer. Recently we demonstrated spectral diversity filters using spherical beam volume holograms (SBVHs) recorded by the interference of a plane wave and a spherical beam that originated from a point source.
2 When a SBVH is read by a plane wave from the direction of the recording spherical beam, the diffracted beam has a crescent shape because of partial Bragg matching. 2, 3 The position of the crescent at the back face of the volume hologram depends on the reading wavelength and on the direction of the reading plane wave. As a result, when the reading beam is spatially incoherent (i.e., several incident angles) with multiple wavelengths present, the crescents corresponding to different wavelengths and different incident angles will overlap, resulting in considerable cross talk between different incident wavelength channels. Therefore a trade-off exists between the resolution of the spectrometer and the degree of spatial coherence of the input signal, 2, 4 reducing the efficiency of the spectrometer. In this Letter we present for what is believed to be the first time a simple and practical technique with which to solve this ambiguity by use of a Fourier-transform lens. This Fourier-transform volume holographic spectrometer is more compact and potentially more efficient than conventional spectrometers. Figure 1 (a) shows the experimental setup for recording a SBVH by use of a spherical beam and a plane wave. Figure 1 (b) shows a general setup for the reading experiments. The hologram is read from the direction of the recording spherical beam and the diffracted beam is in the direction of the recording plane wave (when readout is performed at the recording wavelength). The Fourier transform of the diffracted beam pattern is obtained by the lens, and the CCD is placed at the Fourier plane. The hologram studied in this Letter is a SBVH recorded at = 532 nm in a 100-µm-thick sample of Aprilis photopolymer. 5 We first read a SBVH recorded by use of the setup in moves to a different location when the wavelength of the diffuse reading beam is changed. Figure 2 suggests that a SBVH with a Fouriertransform lens can be used as a spectrometer even for a diffuse input signal. To explain this observation we model the SBVH by use of the formalism of Ref. 3 . The general shape of the diffracted crescent at the output face of the SBVH when it is read by a plane wave with wavelength 1 and incident angle 1 (between the direction of the plane wave and normal to the hologram in air) can be represented as
where f͑x͒ represents the shape of the crescent, Fig. 1 , ⌬͑ 1 , 1 ͒ is the location of the center of the crescent (and depends on both 1 and 1 ), and 1 is a constant phase. Equation (1) can be used to explain the location of all crescents corresponding to the results presented in Fig. 2 . For example, when the SBVH is read by a diffuse beam at wavelength 1 , the crescents corresponding to different spatial modes (or incident plane-wave angles ) exist at different locations ⌬. As a result, the diffracted beam has a diffuse pattern resulting from the combination of all these crescents, as shown in Fig.  2(b) . We can approximately represent the diffracted beam in this case (diffuse monochromatic incident beam) as
where N is the number of different incident angles m (or the number of spatial modes) of the incident beam. Note that the direction of propagation of all crescents [i.e., k x ͑ 1 ͒] depends on only the incident wavelength and not on incident angle .
3 One can obtain a more accurate form of Eq. (2) by replacing ͚ m=1 N with ͐d and ⌬͑ 1 , m ͒ with ⌬͑ , ͒. Taking the Fourier transforms of both sides of Eq. (2) and calculating the intensity of both sides results in
where x represents the spatial frequency variable.
In Eq. (3) the ambiguity term ⌬͑ , m ͒ has been transferred to the phase term and the Fourier spectrum of a crescent is shifted by an amount of k x ͑͒ that depends on only the incident wavelength and the plane wave used for recording the hologram [see Fig. 1(a) 
By using x = x / f for the Fourier-transform lens with focal length f, 6 the output intensity at the Fourier plane (where the CCD is placed) in Fig. 1(b) can be written as
Equations (4) and (5) show that all crescents diffracted by different spatial modes of a monochromatic diffuse input source appear at the same location in the output plane, and these crescents are incoherently added together. Furthermore, the location of the final crescent at the Fourier plane depends on only incident wavelength and can be used for spectroscopy. Equations (3)- (5) clearly explain the results shown in Fig. 2 . To examine these theoretical conclusions further we performed experiments with the setup in Fig. 1(b) , using a SBVH recorded in a 100-µm-thick Aprilis photopolymer with the setup in Fig. 1(a) , with = 35.64°and d = 4.0 cm. In the reading setup [ Fig. 1(b) ], the focal length of the lens is 6.5 cm and the CCD pixel size is 9 m ϫ 9 m. To investigate the performance of the system for a spatially coherent input, we first illuminate the SBVH with a divergent laser beam (which can be extended into several plane-wave components) at = 532 nm instead of the white-light source and the monochromator without putting the diffuser in front of the SBVH in Fig. 1(b) . The output pattern (at the CCD) for this case, which is shown in Fig. 3(a) , is not in the form of a crescent because it is multiplied by a complicated specklelike function resulting from the coherent phase term in Eq. (3). This effect can be alleviated by randomizing phase term m and increasing the number of spatial modes ͑N͒ in Eq. (3) by adding a stationary diffuser in front of the SBVH, as shown in Fig. 3(b) . The output for this case is closer to a crescent Finally, the closest Fourier spectrum to a single crescent can be obtained by use of a diffuse reading beam by rotation of the diffuser, as shown in Fig. 3(c) . Figure 3 confirms our theoretical prediction and affirms that the Fourier-transform volume holographic spectrometer works best for incoherent input signals. This important property makes this spectrometer suitable for diffuse source spectroscopy. To investigate the effect of the incident wavelength on the performance of the proposed spectrometer, we used the experimental setup in Fig. 1(b) and scanned the input wavelength from = 482 nm to = 587 nm with 5-nm spacing, using the monochromator with full width at half-maximum resolution equal to 8 nm.
The light intensity at all points in the output plane for each incident wavelength is captured by the CCD. The normalized output intensity (i.e., the output intensity divided by the input intensity) with respect to the location in the horizontal axis (i.e., x) on the CCD is shown in Fig. 4 . Each curve in Fig. 4 corresponds to one incident wavelength. Figure 4 clearly shows that the output spatial intensity pattern is a function of the incident wavelength under diffuse light illumination. Note that the peak of the normalized intensity is slightly different for different wavelengths because the efficiency of partial Bragg matching from the SBVH depends on the wavelength. By rotating the SBVH slightly, we can modify the relative strengths of different wavelength channels. Figure 4 also suggests that this SBVH has a 102-nm spectrum analyzing range (which can be controlled by the focal length of the Fourier-transform lens) without rotating the SBVH. However, one can modify the operation spectrum (as well as the resolution) by changing design parameters such as the material thickness and the divergence angle of the recording spherical wave. A further increase in the wavelength range can be achieved by simply rotating the SBVH.
The Fourier-transform volume holographic spectrometer presented in this Letter has several advantages over conventional spectrometers. First, it does not require a slit and input lens, allowing for simpler, lighter, and possibly more compact design. Second, it is not sensitive to the input alignment, as it works best with diffuse input signals. Furthermore, by using holograms with more complicated grating structures, we can further improve the sensitivity of the spectrometer. Also, moving parts (i.e., rotation of the hologram) are not required for limited operation bandwidth (a few hundred nanometers).
In conclusion, we have demonstrated here for what is believed to be the first time a volume holographic spectrometer based on a Fourier-transform technique that uses a SBVH. We have shown that the ambiguity between the incident angle and the incident wavelength in a holographic spectrometer can be eliminated by taking the Fourier transform of the diffracted beam. The resulting spectrometer works optimally under spatially incoherent light illumination, which is useful for diffuse source spectroscopy, especially in biological and environmental sensing applications. Furthermore, this spectrometer is less bulky, less sensitive to input alignment, and potentially more appropriate for the implementation of highly sensitive spectrometers than are conventional spectrometers. Fig. 3 . Measured output intensity on the CCD in Fig. 1(b) when a SBVH is illuminated by a divergent laser beam with = 532 nm, formed by focusing the output light of a solid-state laser using a lens with a N.A. of 0.25 (a) without a diffuser, (b) with a static diffuser, and (c) with a rotating diffuser. Fig. 4 . Normalized intensity versus the location along the horizontal axis ͑x͒ on the CCD in Fig. 1(b) for the SBVH described in the text. The hologram is read by a diffuse light (using a rotating diffuser) with a single wavelength at each time. The reading wavelength is scanned from = 482 nm to = 587 nm with 5-nm spacing.
